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Summary:

The co-evolutionary dynamics that exist in many host-parasite
inferactions sometimes leads to compatibility polymorphism. This
phenomenon is well documented in mollusc/trematodes
inferactions but its molecular base is unknown. In order to identify
key molecules involved in this phenomenon, we developed several
molecular approaches comparing compatible or incompatible
strains of mollusc or parasite. These comparisons led to the
identification of numerous candidate genes listed and discussed
([some of them) in the present review.
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he comprehensive understanding of host-para-

site interactions represents a major challenge in

evolutionary biology. Because parasites are res-
ponsible for substantial deleterious effects, they repre-
sent a major driving force for the evolution of their
hosts. In parallel, parasites have to co-evolve with their
host to avoid elimination. This adaptation of the Red
Queen hypothesis to host-parasite systems (Combes,
2000) predicts that an arms race will lead to the poten-
tial antagonistic evolution of host resistance and para-
site virulence processes leading to the co-evolution of
host-parasite systems. In some models, parasite viru-
lence and host defence are in equilibrium in natural
populations. This is the case in host-parasite systems
for which only certain host and parasite phenotypes
are compatible. Such systems constitute models of
choice due to the fact that their co-evolutionary dyna-
mics are experimentally accessible permitting the use
of comparative approaches between compatible and
incompatible strains to identify the molecules playing
a key role in the interaction.
The models we have chosen to study are the interac-
tion between the trematodes Echinostoma caproni or
Schistosoma mansoni, the agent of human intestinal
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schistosomiasis (Gryseels et al., 2006) and their inver-
tebrate intermediate host, the gastropod mollusc Biom-
phalaria glabrata. In these interactions, a compatibi-
lity polymorphism has been evidenced and permits us
to select compatible and incompatible strains on which
comparative molecular approaches are applicable. In
addition, the comparison between these two parasites
sharing the same host is interesting because their
immune evasion strategy seems to be completely dif-
ferent (Loker & Adema, 1995). Evidences strongly sup-
port the hypothesis that the major immune evasion
strategy of S. mansoni relies on a molecular mimicry
mechanism and would therefore avoid recognition as
non-self invader by the snail immune system. In
contrast to S. mansoni, echinostomes are known to
strongly interfere with the snail immune response via
their excretory-secretory (ES) products (Humbert &
Coustau, 2001).

The present review focus on the different works we
have published the three last years in these two dif-
ferent systems.

THE INTERACTION
BETWEEN B. GLABRATA AND E. CAPRONI

n this model B. glabrata/E. caproni, two snail strains

of B. glabrata were selected in our laboratory (Lan-

gand et al., 1998). E. caproni miracidia are able to
penetrate both compatible (susceptible) and incompa-
tible (resistant) snails. While the parasite undergoes nor-
mal development in compatible snails, in incompatible
snails it is encapsulated and eliminated. Susceptibi-
lity/resistance mechanisms of B. glabrata to E. caproni
are probably inherited in a multigenic fashion (Langand
& Morand, 1998) and have been shown to rely on both
humoral and cellular factors (Ataev & Coustau, 1999).
In vivo comparison of E. caproni development in both
B. glabrata strains revealed that, in resistant snails, spo-
rocysts were abnormally developed and degenerated
regardless of their level of encapsulation (Ataev & Cous-
tau, 1999). These results suggested that humoral fac-
tors are actively involved in the molecular processes
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underlying resistance or susceptibility to E. caproni (Ataev
& Coustau, 1999). As a first approach to investigate the
molecular bases of this phenotype difference between
strains, we used comparative proteomics with plasma
collected from both strains. We revealed 13 plasmatic
proteins exhibited significant differences in their appa-
rent representativity (Vergote et al., 2005). The cDNAs
corresponding to five of these proteins were identified.
They encode proteins belonging to three different
classes. The first is a type-2 secreted cystatin that was
named Bg type-2 cystatin. The cystatins are cysteine
protease inhibitors that control activity of cathepsins,
themselves involved in various processes, including
immunity (Abrahamson et al., 2003). Two others are
isoforms of secreted Calcium Binding proteins of the
EF-hand type (Bg CaBP 1 and 2) that are known to play
key role in calcium homeostasis. And the two last pro-
teins are two isoforms of an endo-1,4-mannanase that
are known to randomly cleave within the B-1,4-mannan
main chain of galactomannan, glucomannan, galacto-
glucomannan and mannan (Xu et al., 2002). All these
proteins are secreted, more represented in the plasma
of susceptible snails and these differences appear cor-
related with transcript levels (Vergote et al., 2005). In
addition, analysis of their expression in a range of tis-
sues showed that they are expressed by the albumen
gland (Vergote et al., 2005). Post-infection expression
studies of these five candidate genes showed that the
transcript content of all candidates are stable in sus-
ceptible snails following infection, while they increase
significantly in exposed resistant snails (Vergote et al.,
2005). All the differences observed between suscep-
tible and resistant snails could be linked to a differential
regulation of genes expressed by the albumen gland.
In molluscs, the albumen gland is considered as an
accessory sexual gland (Wijdenes et al., 1983). Never-
theless, this organ is also involved in the production
of defense effectors like agglutinins in planorbid snails
(Michelson & Dubois, 1977; Stein & Basch, 1979; Bos-
well & Bayne, 1984) or antimicrobial proteins in opos-
thobranchs gastropods (lijima et al., 1994; Takamatsu
et al., 1995). Our results further support the idea that
the albumen gland may play a significant role in snail
immune response and raise the question of the poten-
tial importance of this organ in processes underlying
susceptibility/resistance to E. caproni.

Regarding the cellular factors, previous studies showed
that excretory-secretory (ES) products from in vitro
transformed E. caproni sporocysts inhibited key defence
functions of susceptible host hemocytes such as adhe-
sion and phagocytosis (Humbert & Coustau, 2001).
Interestingly, hemocytes from resistant snails remained
unaffected by these parasite ES products, suggesting
that they exhibit differences compared with hemocytes
from susceptible snails (Humbert & Coustau, 2001). We
develop two comparative approaches in order to disco-
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ver the molecular basis of this phenotype difference.
Because such differences were indirectly or directly
related to adhesive properties of hemocytes, we deve-
loped a first targeted approach to examine the expres-
sion of genes directly involved in adhesion processes
(Bouchut et al., 2006). In this study, we compared the
transcript content of all known hemocytic genes poten-
tially involved in adhesion processes between hemocy-
tes of the two strains. Transcripts of four genes were
differentially present between hemocytes from resistant
and susceptible snails. These genes encode proteins
ressembling dermatopontins (two isoforms), matrilin and
cadherin (Bouchut et al., 2006). Among them, dermato-
pontins seem to be promising candidates. These novel
dermatopontins (Bg dermatopontin 2 and -3) are pro-
bably secreted and the structural features of the pre-
cursors suggest that these two molecules share, in addi-
tion to dermatopontin general characteristics, some
other particular features already observed in two other
invertebrate dermatopontins from Suberites domuncula
(cysteine array, (Schutze et al., 2001)) and Limulus poly-
phemus (additionnal internal repeat, (Fujii et al., 1992)).
The function of these particular structural features has
not been elucidated. Nevertheless, it was shown that
these two dermatopontins triggered adhesive processes
of dissociated cells from S. domuncula (Schutze et al.,
2001) or hemocytes from L. polyphemus (Fujii et al.,
1992). These data suggest that B. glabrata hemocytic
dermatopontins could participate in aggregation pro-
cesses of hemocytes. Futhermore, we showed in the
same work (Bouchut et al., 2006) that the transcript
content of these two genes was: i) higher in hemocy-
tes from unexposed resistant snails (in comparison with
those of susceptible snails, and i) greatly enhanced
in resistant snails 48 h after exposure to the parasite.
Interestingly, previous histological studies showed that,
in E. caproni-exposed resistant snails, the hemocytic
capsule was mounted at 48/72 h post exposure (Ataev
& Coustau, 1999). The fact that the higher level of
expression of Bg dermatopontins observed in resistant
snails at 48 h after exposure coincides with the capsule
formation, further supporting the hypothesis that this
gene could play a key role in adhesive processes taking
place during capsule formation in resistant snails.

After this first targeted transcriptomic approach deve-
loped on hemocytes of both strains, we developed a
global proteomic approach (Bouchut et al., 2006). The
comparative approach we used to study hemocytes col-
lected from susceptible and resistant snails revealed
that 12 out of the 2,552 proteins from hemocytes exhi-
bited significant differences in their apparent abun-
dance. Direct comparison of tags obtained by LC-MS-
MS to databases allowed the identification of five of these
12 differentially represented proteins. These proteins
were named Bg aldolase, Bg intermediate filament pro-
tein, Bg cytidine deaminase, Bg ribosomal protein P1
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and Bg histone H4 (see (Bouchut et al., 2006) for dis-
cussion of their putative function).

These different approaches taken together allowed
identification of several candidate genes and suggested
a potential involvement of tissues other than hemocytes
in susceptibility/resistance processes (Vergote et al.,
2005; Bouchut et al., 2006). In order to investigate this
latter point, we compared the transcripts of the two
snail strains at the whole body level using a Suppres-
sion Subtractive Hybridization (SSH) approach (Bou-
chut et al., 2007). This approach revealed several genes
identified in the above mentioned studies but also new
candidates belonging to novel functional groups of
interest. The functional groups of — glycolytic enzymes
and Calcium Binding Proteins (CaBP) — were identified
from B. glabrata plasma in the above mentioned pro-
teomic approach (Vergote et al., 2005) and were also
identified by SSH. Regarding novel functional groups,
the most promising candidates identified in the pre-
sent study belong to immunity class and were identi-
fied in the library containing genes over expressed in
resistant snails. For example, we identified a cluster dis-
playing similarities for a defence factor Aplysianin A
purified from the albumen gland of Aplysia kurodai
(Takamatsu et al., 1995). This glycoprotein inhibited the
growth of both Gram-positive and -negative bacteria.
Another study developed in Aplysia punctata has evi-
denced a molecule called APIT (A. punctata Ink Toxin)
displaying about 60 % identity to Aplysianin A (Butzke
et al., 2005). APIT is an L-amino acid oxidase. This
enzyme produces hydrogen peroxide and was shown
to lead to a necrosis-like oxidative damage of euka-
ryotic cells. The Bg Aplysianin A-like we identify in the
SSH study could be a defence factor involved in the
antiparasitic response of B. glabrata. Its higher abun-
dance in resistant snails could explain the efficiency
of resistant snail response against E. caproni.

THE INTERACTION
BETWEEN B. GLABRATA AND S. MANSONI

nother model we have chosen to study in our
Alaboratory is the interaction between S. mansoni,

the agent of human intestinal schistosomiasis
(Gryseels et al., 20006) and its invertebrate intermediate
host, the gastropod mollusc B. glabrata. In this inter-
action, a compatibility polymorphism has been also evi-
denced (Theron & Coustau, 2005). In compatible inter-
actions, the parasite penetrates and develops normally
within the snail and in incompatible interactions, the
larval trematode penetrates but is recognized as non-
self, encapsulated and destroyed by the mollusk’s
internal defense system. The success or failure of an
infection does not depend on the snail susceptibi-
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lity/resistance status, but on the “matched” or “mis-
matched” status of the host and parasite phenotypes
(“matching phenotype” hypothesis (Theron & Coustau,
2005)).

In this S. mansoni/B. glabrata interaction, two S. man-
soni strains are available, one compatible (strain C) and
the other incompatible (strain IC) towards the same
snail strain. Strain IC miracidia are immediately recogni-
zed as non-self and encapsulated in the first hours fol-
lowing penetration (Roger et al., 2007). The compatible
ones remain unaffected. These observations suggest
constitutive antigenic differences between strains. To
identify and characterize the underlying molecular deter-
minants, we conducted a global comparative proteo-
mics approach on primary sporocysts (Sp1) from C and
IC strains (Roger et al., 2007). This approach led us to
identify a promising candidate belonging to a family of
schistosome antigens that share some characteristics
with the molecules of the mucin family (named Sm
PoMucs). In particular, they display a domain containing
a variable number of tandem repeats (VNTR) rich in S,
T and P. In a complementary work, we examine pre-
cursor structure and report the analysis of expression
and polymorphism of this mucin-like family (Roger et
al., 2007). The corresponding precursors are composed
of three distinct domains: a signal peptide of 22 amino-
acids followed by the variable domain containing a
variable number of 9-residue tandem repeats and a C-
terminal domain of 234 amino-acids. Three types of
repeats were identified and named rl, r1’ and r2.
Three groups of Sm PoMucs cDNAs were identified in
both strains. Each group contains cDNAs that are iden-
tical in the deduced amino-acid sequence of the 234-
residue C-terminal domain. Extensive analysis of poly-
morphism revealed a crucial difference within and
between the IC and C strains. The polymorphism revea-
led within the two first groups consists in a variable
number of r2 repeats (1 to 55). The major difference
between strains is observed for the third group of Sm
PoMuc. This latter displays a VNTR domain containing
only r1 and/or r1” in strain C. In the strain IC, this VNTR
combination was observed, but interestingly, a strain-
specific subgroup of molecular variants containing both
repeats r2 and r1/r1’ was also identified.

This VNTR region of Sm PoMuc is of particular interest
since in-silico prediction identifies this region as a
potential target of glycosylation and we showed that
Sm PoMuc proteins are indeed highly glycosylated. The
VNTR region is therefore an excellent candidate for poly-
morphic glycosylation. Differences in the repeat type
and number in the molecular variants could be respon-
sible for differences in glycosylation status.

The polymorphism of Sm PoMucs is evidenced at dif-
ferent levels. The first level is due to differences in
repeat number within the VNTR region. This pheno-
menon was observed previously for numerous mucins
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from protozoa and helminths (Hicks et al., 2000; Theo-
doropoulos et al., 2001), but also for other parasitic
molecules displaying a VNTR region. Examples are the
SOWgp cell surface proteins from the pathogenic fungi
Coccidioides immitis (Hung et al., 2000) and different
proteins from Plasmodium, the circomsporozoite pro-
teins (CSP, (Nussenzweig & Nussenzweig, 1985)) or the
merozoite surface proteins (Msp-1 and Msp-2, (Holder,
1988; Smythe et al., 1988)). In the case of Plasmodium
proteins, the repetitive regions seem to be not glycosy-
lated but they are, as in the case of SmPoMuc, highly
polymorphic (Rich et al., 1997; Rich & Ayala, 2000) and
VNTR regions are present. Polymorphism generated by
VNTR is well documented and new alleles can arise
by duplication/deletion of the repeated DNA sequences
through recombination involving unequal crossing-over
(Rich et al., 1997). Our data suggest that a similar pro-
cess operates to generate the variability of $m PoMuc. The
second level of polymorphism is unique to Sm PoMuc.
We demonstrated a combinatory polymorphism speci-
fic of the IC strain. In order to understand this pheno-
menon, Sm PoMucs genomic structure analysis is under-
way.

Expression analysis of Sm PoMuc (Roger et al., 2007)
strengthens the potential of these molecules as key
determinants of the compatibility polymorphism in
S. mansoni/B. glabrata interaction. Indeed, Sm PoMuc
genes are only transcribed in stages interacting with
molluscs with a peak of expression in the mollusc
infective stage, the miracidium. Furthermore, peptide
signal prediction indicates the possible secretion of
these molecules. This hypothesis was strengthened
by: i) immunolocalization of $m PoMuc in the apical
gland, and 7i) the detection of $m PoMuc in the ES pro-
ducts by western blotting. Our data show that these
molecules are released in the immediate environment
of the miracidia and Sp1. The apical gland is an organ
involved in producing secretions necessary for the suc-
cessful penetration of miracidia into snail tissue (Dres-
den et al., 1983; Yoshino et al., 1993) and is known
to persist for a number of days after miracidium to spo-
rocyst transformation in vitro (Basch & DiConza, 1974;
Wippersteg et al., 2002) and in vivo (Pan, 1980; Pan,
1996). The gland cells could therefore play a role in
infestation and post-infestation process in the first
hours following the contact between the host and its
parasite. The rapid recognition, encapsulation and kil-
ling of the IC strain could be explained by the diffe-
rences evidenced by our studies and we hypothesize
that these differences could be responsible for reco-
gnition or non-recognition in the case of the IC and
C strains, respectively.

Parasite-derived mucin or mucin-like molecules have
been extensively described in different protozoan and
helminth parasites, but their function has not yet been
completely elucidated. They could have roles in host
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recognition, penetration, adhesion and invasion of host
cells, immunoprotection, immunomodulation and in
the avoidance of host immune processes (Hicks et al.,
2000; Theodoropoulos et al., 2001). Among these mole-
cules described in parasites, the mucin-like molecules
of Trypanosoma cruzi have been extensively studied
and share numerous characteristics with Sm PoMuc (see
(Buscaglia et al., 2006) for review), such as their struc-
ture, a high level of glycosylation and polymorphism.
A major difference is that these molecules encoded by
the TcMUC I and II genes, like other surface compo-
nents of parasitic protozoa, are typically anchored to
the outer phospholipid layer of the plasma membrane
by GPI. Nevertheless, secreted mucins have been cha-
racterized in helminths like the infective larvae of the
parasitic nematode Toxocara canis (Loukas et al., 2000).
These latter secreted mucins might simply create an
immunological smoke-screen by generating antigen-
antibody complexes away from the parasite (Marin et
al., 1992). An attractive hypothesis could be that Sm
PoMucs could also create an immunological smoke-
screen able to block pattern recognition receptors, thus
avoiding recognition and the host immune reaction.
However, compatibility polymorphism evidenced in our
system could alternatively be based on a lock and key
mechanism involving Sm PoMucs and host recognition
partner molecules. In this case positive recognition of
the compatible variable antigen would determine suc-
cess of the infection. Consequently, to further investigate
this hypothesis, the potential partners of Sm PoMucs
will be investigated using co-immunoprecipitation expe-
riments. Diversified host molecules like FREPS (Adema
et al., 1997; Zhang et al., 2004) could be ideal candidates.
The data obtained in the two last papers presented
here describe novel mucin-like proteins from S. man-
soni. These Sm PoMucs are very attractive candidates
to explain the compatibility polymorphism occuring in
our system. Studies on gene structure, genomic organi-
zation and functional characterization are underway and
will shed light on the exact role of these proteins in
the infection of invertebrate hosts.

CONCLUSION AND PERSPECTIVE

The different comparative molecular approaches

developed in our different experimental systems

have highlighted several promising candidates.
Nevertheless, these different approaches have also pro-
bably revealed genes that are not key determinants of
the compatibility we are interested in. Indeed, several
of these genes are probably strain markers co-selected
with our key genes of interest. The challenge now is
to develop functional studies aiming at the selection
of actor genes of the compatibility. This challenge
requires the development of different methodologies

307



BOUCHUT A., ROGER E., GOURBAL B. ET AL

and tools not available in our systems. This is the chal-
lenge in our research field that is at the hour of geno-
mics (genome sequencing and assembly of S. mansoni
and B. glabrata) and is not yet entered in post-genomic
time.
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